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Promoting microbial utilization of phenolic substrates from bio-oil
Abstract
The economic viability of the biorefinery concept is limited by the valorization of lignin. One possible method
of lignin valorization is biological upgrading with aromatic-catabolic microbes. In conjunction, lignin
monomers can be produced by fast pyrolysis and fractionation. However, biological upgrading of these lignin
monomers is limited by low water solubility. Here, we address the problem of low water solubility with an
emulsifier blend containing approximately 70 wt% Tween® 20 and 30 wt% Span® 80. Pseudomonas putida
KT2440 grew to an optical density (OD600) of 1.0 ± 0.2 when supplied with 1.6 wt% emulsified phenolic
monomer-rich product produced by fast pyrolysis of red oak using an emulsifier dose of 0.076 ± 0.002 g
emulsifier blend per g of phenolic monomer-rich product. This approach partially mitigated the toxicity of the
model phenolic monomer p-coumarate to the microbe, but not benzoate or vanillin. This study provides a
proof of concept that processing of biomass-derived phenolics to increase aqueous availability can enhance
microbial utilization.
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The economic viability of the biorefinery concept is limited by the valorization of lignin. One 
possible method of lignin valorization is biological upgrading with aromatic-catabolic microbes. 
In conjunction, lignin monomers can be produced by fast pyrolysis and fractionation. However, 
biological upgrading of these lignin monomers is limited by low water-solubility. Here, we address 
the problem of low water-solubility with an emulsifier blend containing approximately 70 wt% 
Tween® 20 and 30 wt% Span® 80. Pseudomonas putida KT2440 grew to an optical density 
(OD600) of 1.0±0.2 when supplied with 1.6 wt% emulsified phenolic monomer-rich product 
produced by fast pyrolysis of red oak using an emulsifier dose was 0.076±0.002 g emulsifier blend 
per g of phenolic monomer-rich product. This approach partially mitigated the toxicity of the 
model phenolic monomer p-coumarate to the microbe, but not benzoate or vanillin. This study 
provides a proof of concept that processing of biomass-derived phenolics to increase aqueous 
availability can enhance microbial utilization. 
 





Recent models indicate that the economic viability of the biorefinery concept relies on the 
valorization of lignin [15,44]. Even though lignin is a highly abundant biopolymer, it is currently 
slated to be used primarily for heat and power as a low value by-product of pioneer biofuel 
production facilities [54]. Aromatic-catabolic soil microbes are a promising route to add value to 
the lignin fraction of biomass due to their ability to catabolize many lignin-derived phenolic 
monomers and convert these molecules into renewable fuels and chemicals [9,1]. Among others, 
Pseudomonas putida KT2440 has emerged as a promising platform organism for such applications 
[42,36,28,70]. For example, P. putida can utilize a broad range of aliphatic and aromatic 
compounds as a sole carbon and energy source [51,65].  
The number of reports demonstrating native and engineered microbial biocatalysts for 
biological lignin conversion has increased substantially in recent years [9,65,31]. Exemplary 
products include vanillin [63], muconic acid [70,8,35,69], fatty acids  [78,38], 
polyhydroxyalkanoates  [36], aromatic dicarboxylic acids [41], 2-pyrone-4,6-dicarboxylic acid 
[40], and lactic and pyruvic acids [29]. Many of the studies to date that have reported high titers, 
rates, and yields, however, have utilized model compounds due to the difficulties associated with 
achieving high yields of bio-available aromatic monomers from lignin to date. Even in model 
compound studies, substrate solubility in water is a substantial challenge [64]. 
Microbial modification of lignin requires some sort of processing to both separate the lignin 
from the other biomass fractions and then depolymerization of the lignin. A variety of methods 
exist for achieving these goals [49,14]. One approach is fast pyrolysis, which has the advantages 




a heavy ends stream which is rich in sugars and water-insoluble phenolics, bio-char which is 
collected via cyclones and can be used as a soil additive, and lastly, a light ends aqueous stream 
rich in acetate (Fig. 1) [66,4,11]. The water-insoluble phenolic oil stream is mainly composed of 
lignin-derived products, including monophenols such as phenol and syringol, in addition to higher 
molecular weight phenolic oligomers [4], with its composition being impacted by the pyrolysis 
conditions [62]. The insolubles are separated from the unrefined sugars with a simple aqueous 
liquid-liquid extraction [61,72].  
For the fast pyrolysis-based biorefinery, the addition of value to lignin requires upgrading 
the components of this phenolic oil. However, its low water solubility is problematic for traditional 
aqueous-phase bioconversions. The problem of low substrate solubility has previously been 
addressed through the use of emulsifiers to improve degradation of hydrocarbons, such as 
naphthalene and pyrene, by Pseudomonas species [30]. Emulsifiers increase the concentration and 
bioavailability of poorly soluble molecules by forming micelles in emulsions [37,17]. These 
compounds are adsorbed at the oil/water interface, lowering the interfacial surface tension [39], 
but because the resulting mixtures are non-equilibrium systems, they do eventually undergo 
breakdown processes [39,47]. Span® and Tween® emulsifiers, employed in this study, are 
amphipathic (i.e. contain both hydrophilic and hydrophobic functionality), non-ionic surface-
active surfactants forming strong hydrogen bonding with water [50]. Non-ionic surfactants are 
appealing for industrial processes because of their relatively simple production process, which can 
utilize a variety of feedstocks at a fairly low cost [2].  
Emulsification and dispersion methods can be designed to tune the stability and rheology 
of the resulting mixtures [77]. Methods such as colloidal milling, homogenization, and 




produces mixtures containing isolated and sparse droplets with sustained release. For example, 
emulsions promoting the sustained release of adjuvants and antigens were consistently and reliably 
produced by vortexing [20]. Here, we have used vortex mixing to promote the slow release of the 
phenolic monomers into the aqueous cultivation medium.   
The goal of this research is to investigate emulsification as a means of increasing the 
biological availability of aromatic monomers produced from lignin to microbial biocatalysts for 
the production of value-added products. Not only will this potentially enable the production of 
value-added products and specialty chemicals from lignin, this work also provides insight on how 
to mitigate the toxicity of these phenolic compounds to microbial biocatalysts. 
Experimental 
Heavy Ends Bio-oil Production 
Red oak (Quercus rubra) was procured from Wood Residual Solutions of Montello, WS. 
As-received biomass was passed through a 60 hp hammer mill with a 3 mm screen, resulting in a 
particle size range of approximately 200 micron to 3 mm. The moisture content of the red oak was 
approximately 10 wt%. Bio-oil was produced in a fluidized bed reactor and collected in a bio-oil 
recovery system that separates the bio-oil into the heavy ends and light ends (Fig. 1). The heavy 
ends stage collects the viscous, high-boiling-point compounds referred to collectively here as 
heavy ends bio-oil, and was used in this research [61]. Details of the pyrolyzer and recovery system 





The heavy ends bio-oil was subjected to an aqueous liquid-liquid extraction (Fig. 1) to 
separate the water-soluble components, such as sugars and acetate, from the water-insoluble 
phenolics, as detailed by Rover et al [62]. Briefly, a 1:1 w/w mixture of heavy ends bio-oil:water 
was mechanically stirred using a drill press equipped with a stainless steel open paddle for 10 – 15 
min during bio-oil production, placed on a shaker table (MaxQ 2506, Thermo Scientific®, 
Hanover Park, IL) for 30 min at 250 motions min-1 and centrifuged (accuSpin™ 1R, Thermo 
Scientific®, Hanover Park, IL) at 2,561g force for 30 min. The water-soluble unrefined sugars 
were decanted from the water-insoluble phenolics. The water-insoluble phenolic fraction was 
centrifuged and decanted again to remove any remaining unrefined sugar solution.  
Secondly, an extraction of lower molecular weight aromatics from the water-insoluble 
phenolic oil was accomplished by liquid-liquid extraction with toluene (Fig. 1) [3]. An equal mass 
of toluene was added to the water-insoluble phenolic oil and stirred with a hand drill equipped 
with a stainless steel open paddle for 10 min. The toluene-soluble extract was decanted from the 
toluene-insoluble fraction. The toluene was then recovered from the toluene-soluble extract via 
evaporation utilizing a Heildolph Hei-Vap Precision rotary evaporator (Fisher Scientific, PA) at 
77 mbar and 40 °C. The product from the toluene extraction after evaporation, referred to here as 
phenolic monomer-rich product, was used in the emulsions for this work.  
A gas chromatograph with a flame ionization detector (GC-FID) was used for identification 
of components of the phenolic monomer-rich product using a 430 (Bruker Corporation, Bruker 
Daltonics, Inc. Fremont, CA) GC-FID. The column was a 1701 capillary, 60 m in length, 0.25 mm 




Chromatography Data System version 0.9.302.530 (Bruker Corporation, Bruker Daltonics, Inc., 
Fremont, CA) was the operating system. The carrier gas was helium (99.9995%) with a constant 
flow rate of 1.0 mL min-1 and the helium make-up was 25 mL min-1, with hydrogen flow at 30 mL 
and an air flow of 300 mL min-1. The oven was programed to be held for 4 min at 45 °C and 
ramped at 3 °C min-1 to 235 °C and held for 10 min. The sample volume was 1 µL with a split 
ratio of 1:45. Peak identification was based on calibration standards purchased from Fisher 
Scientific (Thermo Scientific, Hanover Park, IL) [60].  
Phenolic Monomer-rich Product Emulsification 
Two emulsifiers were used in this study: Span® 80, a non-ionic surfactant, and Tween® 
20, a non-ionic detergent. Span® 80 is widely used in food and pharmaceutical applications. 
Tween® 20 is a food additive. 
To determine the required Hydrophile-Lipophile Balance (HLB) values, an expression of 
the size and strength of the hydrophilic (polar) and lipophilic (non-polar) groups of the emulsifier 
[24], test emulsions were made with different emulsifier blends. When two or more emulsifiers 
were blended, the HLB value was calculated using the weight percentage of each emulsifier 
multiplied by the HLB value of the neat emulsifier. The individual HLB values were then summed 
for all emulsifiers to calculate the HLB for the blend. Equation 1 [24] was used to calculate the 
HLB values. 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 #1:          (𝑤𝑤𝑤𝑤% 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 #1) 𝑥𝑥 (𝑛𝑛𝐸𝐸𝑛𝑛𝑤𝑤 𝐻𝐻𝐻𝐻𝐻𝐻 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 #1)  =  𝑋𝑋    [𝐸𝐸𝐸𝐸. 1] 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 #2:          (𝑤𝑤𝑤𝑤% 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 #2) 𝑥𝑥 (𝑛𝑛𝐸𝐸𝑛𝑛𝑤𝑤 𝐻𝐻𝐻𝐻𝐻𝐻 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 #2)  = 𝑌𝑌 





The target HLB range for the blends can be determined either from known HLB values for 
the constituents of the material to be emulsified or from assessment of the amount of product 
emulsified, any indication of separation, and clarity of the resulting emulsion. The test emulsions 
were comprised of 1.0 g phenolic monomer-rich product, 10 g water and 0.15 g of the emulsion 
blend and were vortexed. Each emulsifier blend was evaluated in terms of the amount of phenolic 
monomer-rich product emulsified, any emulsion separation due to Oswald ripening, flocculation, 
coalescence, creaming, and sedimentation. Lastly, the clarity of the mixture was evaluated [12]. 
The control was 1.0 g of the phenolic monomer-rich product vortexed with 10 g water without 
emulsifiers. 
The mixture for microbial utilization studies were prepared by first adding deionized (DI) 
water to a 50 mL centrifuge tube, followed by the phenolic monomer-rich product. The polar 
emulsifier (Tween® 20) was added, followed by the nonpolar Span® 80. The relative amount of 
emulsifiers, water and phenolic monomer-rich product varied according to experimental 
parameters. The mixture was vortexed for 5 minutes. The amount of emulsifier is reported as the 
grams of emulsifier blend per gram of phenolic monomer-rich product. The resulting liquid 
mixture was decanted away from the residual phenolic monomer-rich product that did not 
emulsify. This residual material was dried at 80 °C and weighed to determine the mass of phenolic 
monomer-rich product that was not emulsified.  
Total Phenolics Determination 
Modified micro-scale methodology for the Folin-Ciocalteu (FC) method was used to 
determine total water-soluble phenolic monomers present in the monomer-rich product using a 




(prepared with 0.15 - 0.30 g of monomer-rich product diluted with 5 mL deionized water then 
diluted to 50 mL mark with deionized water and filtered with 0.45µm Corning syringe filter), a 
blank consisting of deionized water, and Gallic acid calibration standards were each placed in 2 
mL polystyrene cuvettes. Deionized water (1.58 mL) was added, followed by 100 µL FC reagent. 
The solution in each cuvette was mixed thoroughly by pipetting, and each were incubated for 1-8 
min. This was followed by the addition of 300 µL of sodium carbonate solution and incubation for 
2 h at room temperature. The sample absorbance was measured at 765 nm with 1 cm cells and a 
1.5 nm bandwidth with a Varian Cary 50 UV-visible Spectrophotometer (Agilent Technologies 
Inc., Santa Clara, CA) using Cary WinUV (Agilent Technologies Inc., Santa Clara, CA) Simple 
Reads module software. The sodium carbonate solution was made by dissolving 200 g anhydrous 
sodium carbonate in 800 mL water and brought to a boil. After cooling, a few crystals of sodium 
carbonate were added. The solution was stored for 24 h at room temperature and then filtered with 
a Whatman #42 filter paper and water was added to make 1.0 L. A minimum of five trials were 
performed for each monomer-rich product sample.  
Media Preparation 
Microbial growth media consisted of modified M9 medium, prepared according to Johnson 
et al., which contains no carbon source [29]. Pure monomers (benzoate or p-coumarate), in the 
emulsified or non-emulsified state, or emulsified phenolic monomer-rich product were added as 
carbon source. The carbon source concentration is reported as the weight percent of phenolic 
monomer in growth medium according to Equation 2. The estimated concentration of total 
emulsifier in growth medium is reported according to Equation 3. It was assumed that all of the 





Massphenolic monomer-rich product added− Massresidual phenolic monomer-rich product
Total volume of growth medium∗Density of growth medium
 * 100% [Eq. 2] 
 
Massemulsifier added
Total volume of growth medium∗Density of growth medium
 * 100% [Eq. 3] 
 
The density of the culture medium was assumed to be 1.0 g/mL. The resulting media was adjusted 
to a pH of 7.0 with sodium hydroxide and sterilized with a 0.2 µm pore size syringe filter.  
Microbial Cultures 
Bacterial cultures were grown in 20 mLs of growth medium with 250 mL shake flasks at 
30 °C, 200 RPM, and initial pH of 7.0. Single colonies of P. putida KT2440 were pre-cultured 
overnight in 10 mL of Luria Broth. Pre-cultures were centrifuged (Thermo Fisher Scientific 
Sorvall Legend XTR) at a relative centrifugal force of 3,488 x g for two minutes and re-suspended 
in modified M9. These washed cells were diluted with growth media to an optical density of 0.05 
at 600 nm. 
Samples were taken regularly during growth until cells reached stationary phase. At each 
time point, samples were centrifuged (Eppendorf 5424 Microcentrifuge) at a relative centrifugal 
force of 21,130 x g for five minutes, the supernatant was removed, and the cells were re-suspended 
in DI water for measurement on a spectrophotometer at 600 nm (Thermo Scientific, Genesys20). 
Unless stated otherwise, p values were calculated using a pair-wise Student’s two-tailed, equal 




Results and Discussion 
Emulsion Studies 
Selection of emulsifier blend. Microbial biocatalysts, such as P. putida, are an attractive method 
of upgrading the biomass-derived phenolic monomer-rich product to biorenewable fuels and 
chemicals. Unfortunately, this stream has a very low water solubility thus restricting the 
availability of the phenolic monomers in the cultivation media. Specifically, assessment of water-
soluble phenolic monomers in the monomer-rich product were determined utilizing the  modified 
FC method [57]. These measurements indicated that only 316±1 mg/L of the phenolic monomer-
rich product was water-soluble. We proposed to address this low solubility by emulsifying the 
phenolic monomer-rich product, while also enabling the slow release of the phenolics from the 
emulsion for microbial utilization.  
Emulsion stability is related to different parameters such as oil content, emulsifier content, 
pH, temperature, and HLB, a metric of the size and strength of the hydrophilic (polar) and 
lipophilic (non-polar) groups of the emulsifier [24]. While there is not a single parameter that can 
explain the stability of an emulsion [50], HLB values are a reliable predictor of how an emulsifier 
will behave in mixtures and can be used as a guide in selection of emulsifiers. Specifically, the 
HLB value of the emulsifier or emulsifier blend should be the same as the HLB value of the 
material to be emulsified [24]. The HLB value for the complex phenolic monomer-rich product is 
not known, but the phenolic monomers benzene, ethyl benzoate, and styrene all have HLB values 
between 13 and 15 [24]. Thus, we expect that the HLB value required for emulsification of the 
phenolic monomer rich product will be within the high end of the 8-18 range generally considered 




(lipophilic) were selected as model emulsifiers due to their known lack of biological toxicity, lower 
cost [2], and their HLB values of 16.7 and 4.3, respectively [24].  
Emulsification of 1.0 g of phenolic monomer-rich product in 10.0 g of DI water was 
assessed through the use of 0.15 g of pure Tween® 20, pure Span® 80, and five blends of Tween® 
20 and Span® 80 (Fig. 2). The HLB values of the pure emulsifiers and the various blends ranged 
from 4.30 to 16.7. The test emulsion with an HLB value of 13.2 (sample 4) was chosen as the best 
candidate based on clarity. The use of pure Span ® 80 (sample 8) was comparable to the no-
emulsifier control (sample 1), in terms of the lack of solubilization of the phenolic monomer-rich 
product. Test emulsions with a calculated HLB values of 15.0 and greater (samples 2 and 3) and 
of 10.2 and lower (samples 5, 6 and 7) were deemed unsuitable due to the cloudy appearance.  
While emulsification of the phenolic monomer-rich product was our primary criteria in 
selection of emulsifier blend, it was also important that the mixture would break down over time 
to release the monomers for microbial utilization. Stability was evaluated by visually judging the 
amount of sedimentation, flocculation, and creaming of the test emulsions over a several week 
time period. Emulsions 2 and 3 appeared to be too stable, as no phenolic monomer-rich product 
came out of the emulsion, while for samples 4 and 5 the phenolic monomer-rich product was 
partially released from the emulsion, as evidenced by collection on the bottom of the beakers. The 
remaining test emulsions, samples 6-8, did not have enough oil incorporated into the emulsions to 
assess stability. Because sample 4 (71.5 wt% Tween® 20, 28.5 wt% Span® 80) was acceptable 
both in terms of clarity and stability, it was chosen for further characterization. 
Emulsified phenolic monomer-rich product contains monomers suitable for microbial 




The goal of emulsification of the phenolic monomer-rich product is to increase the 
availability of the lignin-derived monomers in the aqueous cultivation media. A calibrated GC/FID 
was used to determine the concentration of compounds that were present in the emulsion generated 
using the 70:30 wt% Tween® 20, Span® 80 blend and to also identify compounds not detectable 
in the emulsion (Table 1, Fig. S1). Many of these compounds were also detected in the aqueous 
sugar wash solution produced in the same bio-oil recovery and processing framework [11].  
The most abundant phenolic monomer was acetosyringone, which has been characterized 
as a signaling molecule in plant-pathogen interactions [5] and as an inhibitor of Saccharoymyces 
cerevisiae, a commonly-used fermentation organism [5,34]. Microbial species such as 
Pseudomonas have been previously described to utilize many of the other monomers, such as 
phenol [19,7,68,35], cresol [7,35], styrene [43], xylene [67], ethylbenzene [67], and 3,4-
dimethylphenol [68]. Other compounds, such as 2,6-dimethoxyphenol [74], 4-vinylguaiacol [32], 
and eugenol [48], have been reported to be subjected to biological modification, but it is not clear 
if the reaction products are funneled into central metabolic pathways. Thus, the emulsified 
phenolic monomer-rich product contains at least some species that can be utilized by microbial 
biocatalysts.  
Microbial Studies 
Microbial utilization of emulsified phenolic monomers.  
The emulsified phenolic monomer rich product contains many phenolic monomers that 
have previously been demonstrated as substrates for microbial species, such as Pseudomonas. The 
microbial production of industrial fuels and chemicals from lignin-derived monomers requires 




indicator of utilization of these monomers through central metabolism. Specifically, utilization of 
the phenolic monomers by P. putida was assessed based on the maximum OD600 observed over a 
72-hour period (Fig. 3, Fig. S2). It should be noted that only a portion of the phenolic monomer 
rich product is emulsified, as accounted for with Equation 3. Thus, Fig. 3 reports the emulsifier 
dosage used for the emulsification process as well as the final concentrations of the emulsifier and 
the phenolic monomer rich product in the growth medium.  
As shown in Fig. 3a, the 70:30 blend of Tween® 20 and Span® 80 with the phenolic 
monomers allowed P. putida to achieve an OD600 of 0.87 ± 0.04, a 4-fold higher value (p = 0.005) 
than the maximum OD600 observed when the growth medium contained only emulsifier and no 
phenolic monomers. This increased growth in the presence of the emulsified phenolic monomer 
indicates that the lignin-derived monomers are being used to produce the central metabolic 
intermediates needed for microbial growth. The concentration of each lignin-derived monomer in 
the growth medium will vary not only with the targeted concentration of phenolic monomer-rich 
product added to the medium, but also with the emulsification process. At an emulsifier dose of 
0.205±0.008 g per g of monomer-rich product and 0.24 wt% phenolic monomer-rich product (Fig 
3a bar 1), each lignin-derived monomer in the growth medium should be present at roughly 13% 
of the concentrations in the emulsion (Table 1a). For example, the growth medium should contain 
approximately 80 mg/L of acetosyringone. Our observed utilization of the emulsifiers as sole 
carbon source is consistent with previous reports involving Triton X-100 and Brij 30 [17]. The fact 
that there was no significant difference in maximum OD600 in the media containing only the 
Tween® 20/Span® 80 mixture and the media containing only Tween® 20 suggests that P. putida 




for media in which Span® 80 is the only potential carbon source, because it was insoluble at the 
experimental concentration. 
To assess the benefit of using an emulsifier blend, the phenolic monomer-rich product was 
emulsified with just Tween® 20 or just Span® 80, similar to samples #2 and #8 in Fig. 2. Microbial 
growth on these emulsions was much lower than the growth observed using the 70:30 blend (Fig. 
3A), validating the tuning of the emulsifier blend described above. 
Microbial growth scales with emulsifier concentration.  
As shown above, emulsification of the phenolic monomer rich product with a 70:30 blend 
of Tween® 20 and Span® 80 promotes microbial growth on this stream. This growth is a proxy 
for funneling of the phenolics into central metabolic intermediates. For the experiments described 
above, 0.205±0.008 g of the emulsifier blend was used per g of phenolic monomer rich product. 
Given that only a portion of the phenolic monomer rich product is solubilized in the emulsion 
process (Table 2), the resulting concentration of emulsifier in the growth medium (0.28 wt%) was 
roughly equal to the concentration of phenolic monomer in the growth medium (0.24 wt%). 
However, since the emulsifier contributes to the process cost, the emulsifier should be used as 
sparingly as possible. 
Decreasing the amount of the emulsifier blend used resulted in a decrease in the amount of 
phenolic monomer recovered in the emulsion (Table 2). The emulsified product was then added to 
microbial growth medium such that the phenolic monomer concentration was maintained at 0.24 
wt%, resulting in varying concentrations of emulsifier in the growth medium (Fig. 3b). Despite 
the constant concentration of emulsified phenolic monomer-rich product, the maximum OD600 
reached by P. putida decreased as the emulsifier dosage decreased (Fig. 3b). Note that emulsions 




significantly decreased (p < 0.05). As described above, P. putida is able to utilize the emulsifier 
itself as sole carbon source (Fig 3a), and thus the decrease in maximum OD600 could be due in part 
to the decrease in total carbon available to the P. putida. Decreasing the amount of emulsifier used 
may also change the nature of the emulsion, leading to stability issues over time. For the rest of 
the studies described here, the emulsifier blend was dosed at 0.08 g of emulsifier blend per g of 
phenolic monomer-rich product.  
Monomer emulsification can provide protection from growth inhibition.  
Phenolic monomers and other organic molecules produced during biomass degradation are 
known to inhibit the growth of bacteria and yeast [13,27]. Therefore, the effect of the concentration 
of the phenolic monomer-rich product on cell growth was investigated (Fig. 4, Fig. S3). When the 
concentration of phenolic monomer-rich product in the growth medium was increased from 0.24 
wt% to 0.80 wt%, there was a significant increase of over 4.5-fold in the maximum OD600. In the 
range of 0.4-1.6 wt% phenolic monomer-rich product, no significant differences in maximum 
OD600 were observed, though the maximum OD600 did show a downward trend as the concentration 
of phenolic monomer was increased from 0.80 to 1.60. The concentration of phenolic monomer-
rich product was not increased past 1.6 wt% due to the amount of phenolic monomer-rich product 
that can be emulsified. 
Because the emulsifier dosage was maintained at a constant 0.08 g/g for these experiments, 
the amount of emulsifier in the media ranged from 0.03 - 0.82 wt%. Although P. putida was 
observed to use the emulsifier blend as sole carbon source (Fig. 3a), the maximum OD600 was 
significantly higher in the presence of emulsified monomer-rich product relative to the 




These results support the conclusion that the phenolic monomers are being used to support biomass 
production.  
The primary goal of emulsifying the phenolic monomer-rich product is to make these 
compounds available to the biocatalyst in the aqueous phase. However, it is possible that the 
emulsification also helps to protect P. putida from inhibition by these monomers. It is difficult to 
test the effect of the emulsion against a non-emulsified control because the phenolic monomer-
rich product is not soluble in water (Fig. 2). Coumarate and benzoate were selected here as model 
water-soluble aromatic monomers known to be utilized by P. putida KT2440, though they are 
unlikely to be present in the pyrolysis-derived material. Vanillin is a methoxylated aromatic 
aldehyde that has also been reported to be utilized by P. putida KT2440 [70] and has been detected 
in lignin depolymerized by fast pyrolysis [71]. 
During growth on non-emulsified p-coumarate, the maximum OD600 dramatically 
decreased from 1.06-1.60 wt%, indicating growth inhibition due to p-coumarate toxicity (Fig. 5a). 
However, a maximum OD600 of 3.39±0.02 was observed when cultures contained 1.60 wt% 
emulsified p-coumarate, indicating that the emulsified p-coumarate is not as inhibitory as the non-
emulsified form. At 0.8 wt% p-coumarate, there was also an increase in maximum OD600 for the 
emulsified p-coumarate relative to the non-emulsified p-coumarate. Although some of the 
improvement in the emulsion trials could possibly be attributed to the additional carbon provided 
by the emulsifiers, this benefit should only result in, if any, a small increase in maximum OD600. 
As shown in Fig. 4, the same combination of Tween® 20 and Span® 80, but a higher total 
emulsifier concentration relative to the p-coumarate trials, resulted in a maximum OD600 of only 
1, much lower than the values observed during growth in the presence of p-coumarate. Therefore, 




  P. putida KT2440 growth on varying concentrations of the non-emulsified pure phenolic 
monomer p-coumarate can be compared to previous studies. A report on tolerance mechanisms 
to p-coumarate indicated that the growth rate of P. putida KT2440 was negatively impacted at 
concentrations of 0.49 wt% p-coumarate and higher when supplemented with 0.2% glucose [10]. 
However, in our study, the maximum OD600 was greatest at 1.1 wt% p-coumarate, but decreased 
to almost 0 at 1.6 wt% p-coumarate. The slightly increased tolerance to p-coumarate in the 
current study may be due to the difference in carbon source availability.  
  Unlike the clear improvement in growth on p-coumarate, the maximum OD600 was not 
significantly different when cells were provided with 0.1 – 1.1wt% emulsified benzoate relative 
to non-emulsified benzoate. Although a significant difference in the maximum OD600 values 
during growth with 1.6 wt% benzoate was observed, both of the values were quite low, 
indicating that this concentration of benzoate is toxic to the cells. When we varied the 
concentration of non-emulsified pure benzoate to determine tolerance, growth was consistent 
with a previous study on benzoate stress response [53]. In the previous study, P. putida KT2440 
was cultivated on pure benzoate as a sole carbon source. The growth rate was negatively 
impacted when benzoate concentrations were at or above 0.86 wt% [53]. Similarly, in our study, 
the maximum optical density was negatively impacted at concentrations of 1.06 wt% benzoate 
and higher (Fig. 5b).  
Surprisingly, emulsification of vanillin was observed to significantly decrease the 
maximum OD600 at low vanillin concentrations and did not lead to any significant differences in 
maximum OD600 at higher concentrations (Fig. 5c).  At 0.24 wt% vanillin, there was substantial 
variability between technical replicates, particularly in regards to lag time. However, extension of 




difference between maximum OD600 values when cells were provided with emulsified or non-
emulsified vanillin. The low growth in the presence of 0.24 wt% non-emulsified vanillin is 
consistent with previously reported inhibitory vanillin concentrations for commonly-used 
fermentation organisms [25]. 
Thus, substantially different outcomes were observed regarding the impact of 
emulsification of three model phenolic monomers on utilization of these monomers by P. putida. 
Emulsification promoted growth in the presence of p-coumarate, had no impact on growth in the 
presence of benzoate, and had a negative impact on growth in the presence of vanillin. It has been 
previously reported that emulsification of the cyclic terpene D-limonene, the aromatic unsaturated 
aldehyde cinnamaldehyde, and the monoterpoid phenol carvacrol with Tween® 20 and glycerol 
mono-oleate actually increased the toxicity of these compounds to Escherichia coli, Lactobacillus 
delbrueckii, and S. cerevisiae [16]. Thus, emulsification is not a universal strategy to provide 
protection to microbes from inhibitory compounds present in the growth media.  
These three representative monomers differ substantially in their toxicity to P. putida (Fig. 
5). For example, substantial growth was observed in the presence of 1.06 wt% (65 mM) p-
coumarate but not 1.06 wt% (74 mM) benzoate. Vanillin toxicity was much more severe, with 
very little growth observed in the presence of 0.24 wt% (16 mM). Some studies characterizing the 
growth of Pseduomonas species on these compounds use a monomer concentration of 
approximately 5 mM [52], well below the toxicity limits observed here. The differing toxicity of 
these molecules is similar to previous observations that aldehydes, such as vanillin, tend to inhibit 
microbial growth at lower concentrations relative to organic acids [75,76]. However, assessment 
of these three compounds as inhibitors of the osmophilic yeast Zygosaccharomyces rouxii 




observed roughly equal effects of benzoate and vanillin [56]. The relative toxicity of these types 
of molecules is often attributed to differences in hydrophobicity [6,75,76], non-polar surface area 
[6] and positioning of electron-withdrawing and electron-donating functional groups [22]. 
Process Feasibility 
Here, we used a blend of the emulsifiers Tween® 20 and Span® 80 to disperse the phenolic 
monomer-rich product into the aqueous microbial growth medium. Characterization of other  
emulsifier blends or other emulsification techniques may identify emulsification methods that are 
more effective and/or have a lower cost. It is possible that the emulsifiers could be recycled, but 
this has not been investigated here. The utilization of Tween® 20 by the microbial biocatalyst is 
concerning in the context of process cost and emulsifier recycling, further characterization may 
identify a more suitable replacement.  
Regardless of the substrate type, a relatively low substrate concentration in a cultivation 
process will inherently lead to low concentrations of the metabolic product, resulting in a relative 
increase in product separation costs. This problem of substrate toxicity, and the associated increase 
in product separation costs, is widespread in the biorenewables field [26]. It is demonstrated above 
that the emulsified phenolic monomer-rich stream can be provided at concentrations up to 1.60 
wt% without negatively impacting microbial growth (Fig. 4). Higher concentrations were not 
tested, but could possibly be achieved with changes to the emulsification method. 
The biomass depolymerization and fractionation process used here involves two liquid-
liquid extraction steps (Fig. 1). First, water is used to separate the water-soluble sugars from the 
phenolic-insoluble phenolic oil. There are a variety of potential applications for this bulk phenolic 
oil, including coal replacement [59],  production of gasoline and diesel [18,60], and use in resins 




to separate the high-molecular weight phenolics from the phenolic monomer-rich product. The 
toluene was then removed via distillation with 99.8% recovery (data not shown). Other methods 
of removing the high-molecule weight phenolics from the bulk phenolic oil may be more effective, 
have lower cost or use less toxic solvents; these have not been investigated here. However, our 
demonstration that emulsification of this stream of depolymerized biomass promotes microbial 
utilization should be applicable across a wide array of biomass processing strategies. 
Technoeconomic analysis of this process, which is not presented here, could guide these types of 
decisions. 
Conclusions 
This work demonstrates that microbial utilization of the phenolic monomer-rich product of 
biomass fast pyrolysis is promoted by processing of this stream to increase the concentration of 
the monomers in the aqueous growth medium. Specifically, we were able to provide microbial 
cultures with more than 1.0 wt% emulsified material without negatively impacting growth. The 
emulsifier blend used here seems to not only increase the aqueous concentration of a variety of 
phenolic monomers (Table 1), but may also provide protection against the inhibitory effect of some 
of these monomers. 
Here, we used P. putida KT2440 as a model microbial biocatalyst, but this approach can 
be generalized to other microbial species. The optimum emulsion formulation consists of 70:30 
(by mass) Tween® 20 to Span® 80. The amount of emulsifier blend added to the phenolic 
monomer-rich product had a direct impact on the amount of phenolic monomer-rich product 
emulsified and on the microbial growth, and we did observe evidence of microbial utilization of 
the emulsifiers, particularly Span® 80. Additional emulsion work, identification of specific 




are obviously needed before this approach could be used in an economically viable process. 
However, these results provide valuable proof of concept towards the microbial utilization of 
depolymerized lignin in a biorefinery concept and contribute to a better understanding of the 
influence of emulsions to enhance biological availability of bio-oil water insoluble constituents for 
fermentation. 
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Fig. 1. Schematic of the fast pyrolysis reactor and the heavy and light ends of bio-oil recovery. 
The heavy ends is subjected to liquid-liquid extraction using water as the solvent during bio-oil 
production [45,62]. The products from the liquid-liquid extraction are unrefined sugars and water-
insoluble phenolic oil. The cyclones collect the biochar while the light ends contain the water and 
is rich in acetate. The heavy ends water-insoluble phenolics are subjected to liquid-liquid 
extraction utilizing toluene as the solvent. Following removal of the toluene, the phenolic 
monomer-rich product is subjected to microbial utilization. 
Fig. 2 Selection of a blend of approximately 70:30 wt% of Tween® 20 and Span® 80 (sample 
number 4) as optimum for emulsification of the phenolic monomer-rich stream. Each emulsion 
consisted of 1.0 g phenolic monomer-rich product and 10.0 g DI water. For samples 2 - 8, 0.15 g 
of total emulsifier was added. HLB values were calculated according to Eq 1. Each blend was 
assessed on the basis of clarity immediately after mixing. Stability of the mixture over the course 
of several weeks was assessed for some blends, as indicated. 
Fig. 3. Emulsification enables microbial utilization of the phenolic monomer-rich product.  
a). Phenolic monomer-rich product emulsions made with an approximately 70:30 combination of 
Tween® 20 and Span® 80 promoted higher cell growth than those without phenolic monomer-
rich product. Emulsions with just Span® 80 were not assessed due to low solubility. Phenolic 
monomer-rich product emulsions made with only Tween® 20 or only Span® 80 supported 
significantly lower growth than the 70:30 blend. The letters above the bars indicate statistically 
significant groupings of the maximum OD600 values (p<0.05), as shown in the bar graph. As not 




of emulsifier and phenolic monomer in the growth medium differs from the emulsifier dose. 
Growth curves are provided as Fig. S2. 
b). Growth on phenolic monomer-rich product emulsions is directly related to total emulsifier 
concentration. All emulsions were made using a emulsifier blend containing 66.3-73.9 Tween® 
20 : 26.1-33.7 Span® 80. The amount of emulsified product added to the growth medium was 
varied so that samples contained 0.24 wt% monomer-rich product. 
P. putida KT2440 was grown at 30 °C and 200 RPM and initial pH of 7.0. Values are the average 
of at least two biological replicates with the error bars representing one standard deviation. The 
reported value for the concentration of monomer-rich product in the growth medium reflects the 
fact that not all of the monomer-rich product is solubilized (Table 2). 
 
Fig. 4. Emulsified phenolic monomer-rich is utilized at concentrations of at least 1 wt%. P. putida 
KT2440 was grown for 70 hours at 30 °C and 200 RPM and initial pH of 7.0 and a emulsifier 
dosage of 0.08 g of emulsifier blend per g of phenolic monomer-rich product. Values are the 
average of two biological replicates with error bars representing one standard deviation. The letters 
next to the bars indicate statistically significant (p < 0.05) groupings of the maximum OD600 values 
such that any bars not sharing a common letter significantly differ. Asterisks indicate significance 
relative to the corresponding emulsifier-only control culture.  The stars indicate p-values of ≤ 0.05 
(*) and ≤0.0001 (****). Growth curves are provided as Fig. S3. 
 
Fig. 5. Emulsification of model phenolic monomers (a) p-coumarate, (b) benzoate and (c) vanillin 
impacts growth. P. putida KT2440 was grown for 70 hours at 30 °C and 200 RPM and initial pH 




biological replicates with the error bars representing one standard deviation. The stars indicate p-
values calculated by pair-wise Student’s two-tailed, equal variance t-tests. The stars indicate p-




Table 1. Composition analysis of emulsified phenolic monomer-rich product. 1.03 g of the 
phenolic monomer-rich product was emulsified in 10.0 g DI water with 0.204 g of the 70:30 
blend of Tween® 20 and Span® 80 and immediately characterized by GC/FID. A full 
chromatogram is provided as Fig. S1. 
(a) Calibrated compounds detected in the emulsion. Values are the average concentration with the 
associated standard deviation. Monomers are ordered by concentration.  
Compound CAS # Concentration (mg/L) 
3',5'-dimethoxy-4'-hydroxyacetophenone (acetosyringone) 2478-38-8 610±10 
2,6-dimethoxyphenol 91-10-1 394.0±0.9 








4-vinylphenol 2628-17-3 264±8 
2-methoxy-4-vinylphenol (4-vinylguaiacol) 7786-61-0 261.0±0.4 
3-ethylphenol 620-17-7 220.0±0.3 
2,5-dimethylphenol 95-87-4 198±1 
4-ethoxystyrene (p-vinylphenetole) 5459-40-5 190.00±0.07 
3-methoxy-5-methylphenol 3209-13-0 182±0.000 
2-methoxy-4-propylphenol (dihydroeugenol) 2785-87-7 180.0±0.2 
phenol 108-95-2 170.0±0.7 
anisole 100-66-3 160.0±0.2 
1,3-dimethylbenzene (m-xylene) 108-38-3 152±1 
ethylbenzene 100-41-4 151±1 
2-methoxy-4-(2-propenyl)phenol (eugenol) 97-53-0 150.0±0.3 
1,2-dimethylbenzene (o-xylene) 95-47-6 149.0±0.5 
2,3-dimethoxytoluene (3-methylveratrole) 4463-33-6 147.0±0.3 
2-methylanisole 578-58-5 114.0±0.2 
2,6-dimethylphenol 576-26-1 99.0±0.1 
3,4-dimethylphenol 95-65-8 85.00±0.06 
1,2,3-trimethoxybenzene 634-36-6 78.0±0.5 
3,5-dimethylphenol 108-68-9 26.0±0.3 
3,4-dimethoxytoluene 494-99-5 23.0±0.3 
4-ethyl-2-methoxyphenol (4-ethylguaiacol) 2785-89-9 15.0±0.3 
styrene 100-42-5 13.00±0.06 













 CAS #  CAS # 
furan 110-00-9 guaiacyl acetone 2503-46-0 
indene 95-13-6 3-furan methanol 4412-91-3 
benzene 71-43-2 2-methoxyphenol 90-05-1 
p-xylene 106-42-3 2,4-dimethylphenol 105-67-9 
isoeugenol 97-54-1 1,2-benzenedimethanol 612-14-6 
naphthalene 91-20-3 5-hydroxymethylfurfural 67-47-0 
levoglucosan 498-07-7 methyl cyclopentenolone 80-71-7 
hydroquinone 123-31-9 3'4'-dimethoxyacetophenone 1131-62-0 
sinapaldehyde 4206-58-0 2-methoxy-4-methylphenol 93-51-6 
2-methylfuran 534-22-5 1,3-benzenediol (resorcinol) 108-46-3 
2-furaldehyde 98-01-1 4-allyl-2,6-dimethoxyphenol 6627-88-9 
coniferaldehyde 458-36-6 2',4'-dimethoxyacetophenone 829-20-9 
sinapyl alcohol 537-33-7 4-methyl-2,6-dimethoxyphenol 6638-0-57 
furfuryl alcohol 98-00-0 4'-hydroxy-3'-methoxyacetophenone 498-02-2 
m-tolualdehyde 620-23-5 2,6-dihydroxy-4'-methoxyacetophenone 7507-89-3 




Table 2. Phenolic monomer recovery is directly related to the amount of emulsifier used. 
Emulsions were made at room temperature with 70:30 Tween® 20 and Span® 80 blend by 
vortexing for 5 minutes. Monomer recovery was assessed by the difference in the initial mass of 
phenolic monomer-rich product and the mass of material remaining after emulsification. Values 
reported are the averages of at least two replicates ± one standard deviation. 
 
Emulsifier dosage (g of 
emulsifier blend per g 
of phenolic monomer-
rich product) 
0.0136±0.0005 0.055±0.008 0.076±0.002 0.205±0.008 
Recovery of phenolic 
monomer-rich product 
in emulsion (wt%) 





1. Abdelaziz OY, Brink DP, Prothmann J, Ravi K, Sun MZ, Garcia-Hidalgo J, Sandahl M, 
Hulteberg CP, Turner C, Liden G, Gorwa-Grauslund MF (2016) Biological valorization 
of low molecular weight lignin. Biotechnology Advances 34:1318-1346. 
doi:10.1016/j.biotechadv.2016.10.001 
2. Alwadani N, Fatehi P (2018) Synthetic and lignin-based surfactants: Challenges and 
opportunities. Carbon Resources Conversion 1:126-138 
3. Ateş F, Pütün E, Pütün AE (2004) Fast pyrolysis of sesame stalk: yields and structural analysis 
of bio-oil. Journal of Analytical and Applied Pyrolysis 71:779-790. 
doi:http://dx.doi.org/10.1016/j.jaap.2003.11.001 
4. Bai X, Kim KH, Brown RC, Dalluge E, Hutchinson C, Lee YJ, Dalluge D (2014) Formation 
of phenolic oligomers during fast pyrolysis of lignin. Fuel 128:170-179. 
doi:http://dx.doi.org/10.1016/j.fuel.2014.03.013 
5. Baker CJ, Mock NM, Whitaker BD, Roberts DP, Rice CP, Deahl KL, Aver'yanov AA (2005) 
Involvement of acetosyringone in plant-pathogen recognition. Biochemical and 
Biophysical Research Communications 328:130-136. doi:10.1016/j.bbrc.2004.12.153 
6. Bar-Even A, Noor E, Flamholz A, Buescher JM, Milo R (2011) Hydrophobicity and Charge 
Shape Cellular Metabolite Concentrations. PLoS Computational Biology 7. 
doi:10.1371/journal.pcbi.1002166 
7. Bayly RC, Wigmore GJ (1973) Metabolism of phenol and cresols by mutants of Pseudomonas 




8. Becker J, Kuhl M, Kohlstedt M, Starck S, Wittmann C (2018) Metabolic engineering of 
Corynebacterium glutamicum for the production of cis, cis-muconic acid from lignin. 
Microbial Cell Factories 17:article number 115. doi:10.1186/s12934-018-0963-2 
9. Beckham GT, Johnson CW, Karp EM, Salvachúa D, Vardon DR (2016) Opportunities and 
challenges in biological lignin valorization. Current Opinion in Biotechnology 42:40-53 
10. Calero P, Jensen SI, Bojanovič K, Lennen RM, Koza A, Nielsen AT (2018) Genome-wide 
identification of tolerance mechanisms toward p-coumaric acid in Pseudomonas putida. 
Biotechnology and Bioengineering 115:762-774. doi:10.1002/bit.26495 
11. Chi Z, Zhao X, Daugaard T, Rover M, Johnston P, Salazar AM, Santoscoy MC, Smith R, 
Brown RC, Wen Z, Zabotina O, Jarboe LR (2019) Comparison of Product Distribution, 
Content and Fermentability of Biomass in a Hybrid Thermochemical/Biological 
Processing Platform. Biomass and Bioenergy 120:107-116 
12. Chiaramonti D, Bonini M, Fratini E, Tondi G, Gartner K, Bridgwater AV, Grimm HP, 
Soldaini I, Webster A, Baglioni P (2003) Development of emulsions from biomass 
pyrolysis liquid and diesel and their use in engines—Part 1 : emulsion production. 
Biomass and Bioenergy 25:85-99. doi:http://dx.doi.org/10.1016/S0961-9534(02)00183-6 
13. Colombi BL, Zanoni PRS, Tavares LBB (2018) Effect of phenolic compounds on 
bioconversion of glucose to ethanol by yeast Saccharomyces cerevisiae PE-2. Canadian 
Journal of Chemical Engineering 96:1444-1450. doi:10.1002/cjce.23114 
14. Davis KM, Rover MR, Brown RC, Bai X, Wen Z, Jarboe LR (2016) Recovery and utilization 
of lignin monomers as part of the biorefinery approach. Energies 9:808-831. doi:10.3390/ 
15. Davis R, Tao L, Tan ECD, Biddy MJ, Beckham GT, Scarlata C, Jacobson J, Cafferty K, Ross 




of Lignocellulosic Biomass to Hydrocarbons: Dilute-Acid and Enzymatic Deconstruction 
of Biomass to Sugars and Biological Conversion of Sugars to Hydrocarbons. National 
Renewable Energy Laboratory,  
16. Donsi F, Annunziata M, Vincensi M, Ferrari G (2012) Design of nanoemulsion-based 
delivery systems of natural antimicrobials: Effect of the emulsifier. Journal of 
Biotechnology 159:342-350. doi:10.1016/j.jbiotec.2011.07.001 
17. Doong RA, Lei WG (2003) Solubilization and mineralization of polycyclic aromatic 
hydrocarbons by Pseudomonas putida in the presence of surfactant. Journal of Hazardous 
Materials 96:15-27. doi:10.1016/s0304-3894(02)00167-x 
18. Elliott DC, Wang H, Rover M, Whitmer L, Smith R, Brown R (2015) Hydrocarbon Liquid 
Production via Catalytic Hydroprocessing of Phenolic Oils Fractionated from Fast 
Pyrolysis of Red Oak and Corn Stover. ACS Sustainable Chemistry & Engineering 
3:892-902. doi:10.1021/acssuschemeng.5b00015 
19. Feist CF, Hegeman GD (1969) Phenol and benzomate metabolism by Pseudomonoas putida 
- regulation of tangential pathways. Journal of Bacteriology 100:869-877 
20. Flies DB, Chen L (2003) A simple and rapid vortex method for preparing antigen/adjuvant 
emulsions for immunization. Journal of Immunological Methods 276:239-242. 
doi:https://doi.org/10.1016/S0022-1759(03)00081-4 
21. Gadhave AD, Waghmare JT (2014) A short review on microemulsion and its application in 





22. Hou JJ, Qiu Z, Han H, Zhang QZ (2018) Toxicity evaluation of lignocellulose-derived 
phenolic inhibitors on Saccharomyces cerevisiae growth by using the QSTR method. 
Chemosphere 201:286-293. doi:10.1016/j.chemosphere.2018.03.008 
23. Hu W, Dang Q, Rover M, Brown RC, Wright MM (2016) Comparative techno-economic 
analysis of advanced biofuels, biochemicals, and hydrocarbon chemicals via the fast 
pyrolysis platform. Biofuels 7:87-103. doi:10.1080/17597269.2015.1118780 
24. Inc" IA (1984) The HLB system: a time-saving guide to emulsifier selection. Wilmington,  
25. Jarboe LR, Chi Z (2013) Inhibition of microbial biocatalysts by biomass-derived aldehydes 
and methods for engineering tolerance. In: Torrioni L, Pescasseroli E (eds) New 
Developments in Aldehydes Research. Nova Science Publishers, Incorporated,  
26. Jarboe LR, Liu P, Royce LA (2011) Engineering inhibitor tolerance for the production of 
biorenewable fuels and chemicals. Current Opinion in Chemical Engineering 1:38-42. 
doi:10.1016/j.coche.2011.08.003 
27. Jayakody LN, Johnson CW, Whitham JM, Giannone RJ, Black BA, Cleveland NS, 
Klingeman DM, Michener WE, Olstad JL, Vardon DR, Brown RC, Brown SD, Hettich 
RL, Guss AM, Beckham GT (2018) Thermochemical wastewater valorization via 
enhanced microbial toxicity tolerance. Energy & Environmental Science 11:1625-1638. 
doi:10.1039/c8ee00460a 
28. Jimenez JI, Minambres B, Garcia JL, Diaz E (2002) Genomic analysis of the aromatic 





29. Johnson CW, Beckham GT (2015) Aromatic catabolic pathway selection for optimal 
production of pyruvate and lactate from lignin. Metabolic Engineering 28:240-247. 
doi:10.1016/j.ymben.2015.01.005 
30. Kaczorek E, Olszanowski A (2011) Uptake of Hydrocarbon by Pseudomonas fluorencens 
(P1) and Psedomonas putida (K1) Strains in the Presence of Surfactants: A Cell Surface 
Modification. Water, Air, and Soil Pollution Jan:451-459 
31. Kamimura N, Takahashi K, Mori K, Araki T, Fujita M, Higuchi Y, Masai E (2017) Bacterial 
catabolism of lignin-derived aromatics: New findings in a recent decade: Update on 
bacterial lignin catabolism. Environmental Microbiology Reports 9:679-705. 
doi:10.1111/1758-2229.12597 
32. Karmakar B, Vohra RM, Nandanwar H, Sharma P, Gupta KG, Sobti RC (2000) Rapid 
degradation of ferulic acid via 4-vinylguaiacol and vanillin by a newly isolated strain of 
Bacillus coagulans. Journal of Biotechnology 80:195-202. doi:10.1016/s0168-
1656(00)00248-0 
33. Kim J-S (2015) Production, separation and applications of phenolic-rich bio-oil – A review. 
Bioresource Technology 178:90-98. doi:10.1016/j.biortech.2014.08.121 
34. Klinke HB, Olsson L, Thomsen AB, Ahring BK (2003) Potential inhibitors from wet 
oxidation of wheat straw and their effect on ethanol production of Saccharomyces 
cerevisiae: Wet oxidation and fermentation by yeast. Biotechnology and Bioengineering 
81:738-747. doi:10.1002/bit.10523 
35. Kohlstedt M, Starck S, Barton N, Stolzenberger J, Selzer M, Mehlmann K, Schneider R, 
Pleissner D, Rinkel J, Dickschat JS, Venus J, van Duuren J, Wittmann C (2018) From 




engineered Pseudomonas putida. Metabolic Engineering 47:279-293. 
doi:10.1016/j.ymben.2018.03.003 
36. Linger JG, Vardon DR, Guarnieri MT, Karp EM, Hunsinger GB, Franden MA, Johnson CW, 
Chupka G, Strathmann TJ, Pienkos PT, Beckham GT (2014) Lignin valorization through 
integrated biological funneling and chemical catalysis. Proceedings of the National 
Academy of Sciences 111:12013-12018. doi:10.1073/pnas.1410657111 
37. Liu Y, Liu Z, Zeng G, Chen M, Jiang Y, Shao B, Li Z, Liu Y (2018) Effect of surfactants on 
the interaction of phenol with laccase: Molecular docking and molecular dynamics 
simulation studies. Journal of Hazardous Materials 357:10-18. 
doi:https://doi.org/10.1016/j.jhazmat.2018.05.042 
38. Liu ZH, Xie SX, Lin FR, Jin MJ, Yuan JS (2018) Combinatorial pretreatment and 
fermentation optimization enabled a record yield on lignin bioconversion. Biotechnology 
for Biofuels 11. doi:10.1186/s13068-018-1021-3 
39. Lv G, Wang F, Cai W, Zhang X (2014) Characterization of the emulsions formed by 
catastrophic phase inversion. Colloids and Surfaces A: Physicochemical and Engineering 
Aspects 450:141-147. doi:http://dx.doi.org/10.1016/j.colsurfa.2014.03.023 
40. Michinobu T, Hishida M, Sato M, Katayama Y, Masai E, Nakamura M, Otsuka Y, Ohara S, 
Shigehara K (2008) Polyesters of 2-pyrone-4,6-dicarboxylic acid (PDC) obtained from a 
metabolic intermediate of lignin. Polymer Journal 40:68-75. 
doi:10.1295/polymj.PJ2007158 
41. Mycroft Z, Gomis M, Mines P, Law P, Bugg TDH (2015) Biocatalytic conversion of lignin 
to aromatic dicarboxylic acids in Rhodococcus jostii RHA1 by re-routing aromatic 




42. Nikel PD, V (2018) Pseudomonas putida as a functional chassis for industrial biocatalysis: 
From native biochemistry to trans-metabolism. Metabolic Engineering 50:142-155 
43. Oconnor K, Buckley CM, Hartmans S, Dobson ADW (1995) Possible regulatory role for 
nonaromatic carbon sources in styrene degradation by Pseudomonas putida CA-3. 
Applied and Environmental Microbiology 61:544-548 
44. Oleskowicz-Popiel P, Klein-Marcuschamer D, Simmons BA, Blanch HW (2014) 
Lignocellulosic ethanol production without enzymes - Technoeconomic analysis of ionic 
liquid pretreatment followed by acidolysis. Bioresource Technology 158:294-299. 
doi:10.1016/j.biortech.2014.02.016 
45. Pollard AS, Rover MR, Brown RC (2012) Characterization of bio-oil recovered as stage 
fractions with unique chemical and physical properties. Journal of Analytical and Applied 
Pyrolysis 93:129-138 
46. Porras M, Solans C, González C, Gutiérrez JM (2008) Properties of water-in-oil (W/O) nano-
emulsions prepared by a low-energy emulsification method. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects 324:181-188. 
doi:https://doi.org/10.1016/j.colsurfa.2008.04.012 
47. Pradilla D, Vargas W, Alvarez O (2015) The application of a multi-scale approach to the 
manufacture of concentrated and highly concentrated emulsions. Chemical Engineering 
Research and Design 95:162-172. doi:http://dx.doi.org/10.1016/j.cherd.2014.10.016 
48. Rabenhorst J (1996) Production of methoxyphenol-type natural aroma chemicals by 
biotransformation of eugenol with a new Pseudomonas sp. Applied Microbiology and 




49. Ragauskas AJ, Beckham GT, Biddy MJ, Chandra R, Chen F, Davis MF, Davison BH, Dixon 
RA, Gilna P, Keller M, Langan P, Naskar AK, Saddler JN, Tschaplinski TJ, Tuskan GA, 
Wyman CE (2014) Lignin Valorization: Improving Lignin Processing in the Biorefinery. 
Science 334:709-720 
50. Rahate AR, Nagarkar JM (2007) Emulsification of Vegetable Oils using a Blend of Nonionic 
Surfactants for Cosmetic Applications. Journal of Dispersion Science and Technology 
28:1077-1080 
51. Ramos JL, Duque E, Gallegos M-T, Godoy P, Ramos-Gonzalez MI, Rojas A, Teran W, 
Segura A (2002) Mechanisms of solvent tolerance in Gram negative bacteria. Annual 
Review of Microbiology 56:743-768 
52. Ravi K, Garcia-Hidalgo J, Gorwa-Grauslund MF, Liden G (2017) Conversion of lignin 
model compounds by Pseudomonas putida KT2440 and isolates from compost. Applied 
Microbiology and Biotechnology 101:5059-5070. doi:10.1007/s00253-017-8211-y 
53. Reva ON, Weinel C, Weinel M, Böhm K, Stjepandic D, Hoheisel JD, Tümmler B (2006) 
Functional Genomics of Stress Response in Pseudomonas putida KT2440. The Journal of 
Bacteriology 188:4079-4092 
54. Rinaldi R, Jastrzebski R, Clough MT, Ralph J, Kennema M, Bruijnincx PCA, Weckhuysen 
BM (2016) Paving the Way for Lignin Valorisation: Recent Advances in Bioengineering, 
Biorefining and Catalysis. Angewandte Chemie International Edition 55:8164-8215. 
doi:doi:10.1002/anie.201510351 
55. Rogers JG, Brammer JG (2012) Estimation of the production cost of fast pyrolysis bio-oil. 





56. Rojo MC, Lopez FNA, Lerena MC, Mercado L, Torres A, Combina M (2015) Evaluation of 
different chemical preservatives to control Zygosaccharomyces rouxii growth in high 
sugar culture media. Food Control 50:349-355. doi:10.1016/j.foodcont.2014.09.014 
57. Rover MR (2013) Analysis of sugars and phenolic compounds in bio-oil. Iowa State 
University, Ames 
58. Rover MR, Brown RC (2013) Quantification of total phenols in bio-oil using the Folin-
Ciocalteu method. Journal of Analytical and Applied Pyrolysis 104:366-371. 
doi:10.1016/j.jaap.2013.06.011 
59. Rover MR, Friend AJ, Smith RG, Brown RC (2018) Enabling biomass combustion and co-
firing through the use of Lignocol. Fuel 211:312-317. 
doi:http://dx.doi.org/10.1016/j.fuel.2017.09.076 
60. Rover MR, Hall PH, Johnston PA, Smith RG, Brown RC (2015) Stabilization of bio-oils 
using low temperature, low pressure hydrogenation. Fuel 153:224-230. 
doi:http://dx.doi.org/10.1016/j.fuel.2015.02.054 
61. Rover MR, Johnston PA, Jin T, Smith RG, Brown RC, Jarboe L (2014) Production of Clean 
Pyrolytic Sugars for Fermentation. ChemSusChem 7:1662-1668. 
doi:10.1002/cssc.201301259 
62. Rover MR, Johnston PA, Whitmer LE, Smith RG, Brown RC (2014) The effect of pyrolysis 
temperature on recovery of bio-oil as distinctive stage fractions. Journal of Analytical and 
Applied Pyrolysis 105:262-268. doi:http://dx.doi.org/10.1016/j.jaap.2013.11.012 
63. Sainsbury PD, Hardiman EM, Ahmad M, Otani H, Seghezzi N, Eltis LD, Bugg TDH (2013) 




Vanillin in a Gene Deletion Mutant of Rhodococcus jostii RHA1. ACS Chemical Biology 
8:2151-2156. doi:10.1021/cb400505a 
64. Salvachua D, Johnson CW, Singer CA, Rohrer H, Peterson DJ, Black BA, Knapp A, 
Beckham GT (2018) Bioprocess development for muconic acid production from aromatic 
compounds and lignin. Green Chemistry 20:5007-5019. doi:10.1039/c8gc02519c 
65. Salvachúa D, Karp EM, Nimlos CT, Vardon DR, Beckham GT (2015) Towards lignin 
consolidated bioprocessing: simultaneous lignin depolyerization and product generation 
by bacteria. Green Chemistry 17:4951-4967 
66. Shen Y, Jarboe L, Brown R, Wen Z (2015) A thermochemical–biochemical hybrid 
processing of lignocellulosic biomass for producing fuels and chemicals. Biotechnology 
Advances 33:1799-1813. doi:http://dx.doi.org/10.1016/j.biotechadv.2015.10.006 
67. Shim H, Yang ST (1999) Biodegradation of benzene, toluene, ethylbenzene, and o-xylene by 
a coculture of Pseudomonas putida and Pseudomonas fluorescens immobilized in a 
fibrous-bed bioreactor. Journal of Biotechnology 67:99-112. doi:10.1016/s0168-
1656(98)00166-7 
68. Shingler V, Powlowski J, Marklund U (1992) Nucleotide sequence and functional analysis of 
the complete phenol/3,4-dimethylphenol catabolic pathway of Pseudomonas SP Strain-
CF600. Journal of Bacteriology 174:711-724. doi:10.1128/jb.174.3.711-724.1992 
69. Sonoki T, Takahashi K, Sugita H, Hatamura M, Azuma Y, Sato T, Suzuki S, Kamimura N, 
Masai E (2018) Glucose-Free cis,cis-Muconic Acid Production via New Metabolic 
Designs Corresponding to the Heterogeneity of Lignin. ACS Sustainable Chemistry & 




70. Vardon DR, Franden MA, Johnson CW, Karp EM, Guarnieri MT, Linger JG, Salm MJ, 
Strathmann TJ, Beckham GT (2015) Adipic acid production from lignin. Energy & 
Environmental Science 8:617-628. doi:10.1039/c4ee03230f 
71. Wang L, Zhang R, Li J, Guo L, Yang HP, Ma FY, Yu HB (2018) Comparative study of the 
fast pyrolysis behavior of ginkgo, poplar, and wheat straw lignin at different 
temperatures. Industrial Crops and Products 122:465-472. 
doi:10.1016/j.indcrop.2018.06.038 
72. Wang S, Wang Y, Cai Q, Wang X, Jin H, Luo Z (2014) Multi-step separation of 
monophenols and pyrolytic lignins from the water-insoluble phase of bio-oil. Separation 
and Purification Technology 122:248-255. 
doi:http://dx.doi.org/10.1016/j.seppur.2013.11.017 
73. Wright MM, Daugaard DE, Satrio JA, Brown RC (2010) Techno-economic analysis of 
biomass fast pyrolysis to transportation fuels. Fuel 89, Supplement 1:S2-S10. 
doi:http://dx.doi.org/10.1016/j.fuel.2010.07.029 
74. Yang S, Long Y, Yan H, Cai HW, Li YD, Wang XG (2017) Gene cloning, identification, and 
characterization of the multicopper oxidase CumA from Pseudomonas sp 593. 
Biotechnology and Applied Biochemistry 64:347-355. doi:10.1002/bab.1501 
75. Zaldivar J, Ingram LO (1999) Effect of organic acids on the growth and fermentation of 
ethanologenic Escherichia coli LY01. Biotechnology and Bioengineering 66:203-210. 
doi:10.1002/(sici)1097-0290(1999)66:4<203::Aid-bit1>3.3.Co;2-r 
76. Zaldivar J, Martinez A, Ingram LO (1999) Effect of selected aldehydes on the growth and 





77. Zhang N, Zhang L, Sun D (2015) Influence of Emulsification Process on the Properties of 
Pickering Emulsions Stabilized by Layered Double Hydroxide Particles. Langmuir 
31:4619-4626. doi:10.1021/la505003w 
78. Zhao C, Xie SX, Pu YQ, Zhang R, Huang F, Ragauskas AJ, Yuan JS (2016) Synergistic 
















































































0.10 0 0.24 0 0.40    0 0.80 0 1.06 0 1.60 0
estimated wt% of  
surfactant in 
growth medium





























































wt%  vanillin in media
Non-emulsified vanillin
Emulsified vanillin
*
****
